The identification of substrates for ubiquitin ligases has remained challenging, because most substrates are either immediately degraded by the proteasome or processed by deubiquitinating enzymes (DUBs) to remove polyubiquitin. Although a methodology that enables detection of ubiquitinated proteins using ubiquitin Lys-e-Gly-Gly (diGly) remnant antibodies and MS has been developed, it is still insufficient for identification and characterization of the ubiquitin-modified proteome in cells overexpressing a particular ubiquitin ligase. Here, we show that exogenously expressed trypsin-resistant tandem ubiquitin-binding entity(ies) (TR-TUBE) protect polyubiquitin chains on substrates from DUBs and circumvent proteasome-mediated degradation in cells. TR-TUBE effectively associated with substrates ubiquitinated by an exogenously overexpressed ubiquitin ligase, allowing detection of the specific activity of the ubiquitin ligase and isolation of its substrates. Although the diGly antibody enabled effective identification of ubiquitinated proteins in cells, overexpression of an ubiquitin ligase and treatment with a proteasome inhibitor did not increase the level of diGly peptides specific for the ligase relative to the background level of diGly peptides, probably due to deubiquitination. By contrast, in TR-TUBE-expressing cells, the level of substrate-derived diGly peptides produced by the overexpressed ubiquitin ligase was significantly elevated. We developed a method for identifying the substrates of specific ubiquitin ligases using two enrichment strategies, TR-TUBE and diGly remnant antibodies, coupled with MS. Using this method, we identified target substrates of FBXO21, an uncharacterized F-box protein.
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ubiquitin-binding protein | ubiquitin ligase | ubiquitination P osttranslational modification by ubiquitin regulates diverse processes in cells (1, 2) . Ubiquitination is catalyzed by three types of enzymes-E1, E2, and E3, with the selectivity for the target protein provided by E3 ubiquitin ligases. Although the human genome encodes more than 600 ubiquitin ligases, many of them remain to be studied (3) . The Skp1-Cul1-F-box protein (SCF) complex, one of the best-characterized ubiquitin ligases, is composed of three invariable components (Skp1, Cul1, and Rbx1) and a variable component F-box protein that serves as the substrate recognition module. Among the over 70 F-box proteins found in humans, less than half have been characterized (4) .
The identification of substrates for a specific ubiquitin ligase has been challenging despite considerable efforts. To date, the physical interaction between an ubiquitin ligase and its substrates has been exploited as the major approach for substrate identification (5) (6) (7) . In these studies, immunoprecipitation followed by MS has been used to isolate ligase-substrate complexes. However, there are several difficulties associated with this approach: Most ligase-substrate interactions are generally too weak and transient to isolate the substrates by immunoprecipitation, and the abundances of relevant in vivo substrates are often low due to proteasomal degradation.
Recently, an antibody that recognizes the ubiquitin remnant motif Lys-e-Gly-Gly (diGly), which is exposed upon tryptic digestion of ubiquitinated proteins, has been developed for global proteomic applications aimed at identifying ubiquitinated substrates (8, 9) . Although a few quantitative proteomics studies have identified a particular ubiquitin ligase substrate using stable isotope labeling utilizing amino acids in cell culture and the antidiGly antibody (10) , these examples required large quantities of samples and advanced techniques.
Tandem ubiquitin-binding entity(ies) (TUBE) based on ubiquitinassociated domains have been developed for isolation of polyubiquitinated proteins from cell extracts (11) . Notably, TUBE reagents protect polyubiquitin-conjugated proteins in cell lysates from both proteasomal degradation and deubiquitinating enzymes (DUBs) as efficiently as specific inhibitors of these enzymes (11) . In this paper, we applied the TUBE technology to in vivo capture of ubiquitinated proteins. To develop a versatile method for identifying substrates of a specific ubiquitin ligase, we designed a mammalian expression vector encoding a FLAGtagged trypsin-resistant (TR) TUBE, which protects ubiquitin chains from trypsin digestion under native conditions. Using two enrichment methods, TR-TUBE and the anti-diGly antibody, we succeeded in identifying the target substrates of the uncharacterized F-box protein FBXO21.
Results
Protection of Polyubiquitin Chains on Substrates by TR-TUBE. Our method is based on stabilization of ubiquitinated substrates in vivo by masking of ubiquitin chains with exogenously expressed
Significance
The identification of specific ubiquitin ligase-substrate pairs is crucial for understanding the roles of protein ubiquitination in the regulation of diverse biological processes. Despite the development of various methodologies for substrate identification, it remains challenging to determine ubiquitin ligase substrates. Based on previously described tandem ubiquitinbinding entity(ies) (TUBE), we designed the trypsin-resistant (TR)-TUBE for expression in cells. The coexpression of TR-TUBE with an ubiquitin ligase stabilizes the ubiquitinated substrates by masking the ubiquitin chains. Using a combination of two strategies for enriching ubiquitinated substrates, TR-TUBE and anti-Lys-e-Gly-Gly antibody, we successfully identified specific ubiquitin ligase-substrate pairs. Our methodology provides an effective means for the identification of ubiquitin ligase substrates and the detection of ubiquitin ligase activity. (Fig. 1A) . We confirmed that the TR-TUBE can bind to all eight types of ubiquitin chain linkages (Fig. S1A) . To examine the effect of overexpressed TR-TUBE on ubiquitin homeostasis and cytotoxicity, we first expressed TR-TUBE or an ubiquitin-binding-deficient TR-TUBE mutant (12) in 293T cells ( Fig. S1 B and C) . We then detected the cellular levels of free and conjugated ubiquitin by immunoblotting with an ubiquitinspecific antibody, and also analyzed cell death by propidium iodide staining ( Fig. 1 B and C) . The level of conjugated ubiquitin was increased by 48 h posttransfection, with a concomitant reduction in free ubiquitin (Fig. 1B) . By contrast, we detected little accumulation of ubiquitin conjugates in cells expressing the ubiquitin-binding-deficient TR-TUBE mutant or in cells treated with the proteasome inhibitor MG132. The accumulation of ubiquitin conjugates upon TR-TUBE expression did result in some cell death at 48 h, comparable to the levels resulting from long-term treatment with MG132 (Fig. 1C) . Although prolonged expression of TR-TUBE did not induce significant cell death, the accumulation of ubiquitin conjugates 72 h posttransfection in cells was reduced relative to the accumulation of ubiquitin conjugates at 48 h ( Fig. 1 B and D) , suggesting that cells highly expressing TR-TUBE gradually undergo cell death.
TR-TUBE
To confirm that ubiquitinated substrates were actually included in the high-molecular-weight ubiquitin conjugates, we monitored the ubiquitination levels of p27/CDKN1B, one of the best-characterized ubiquitinated substrates. To this end, we expressed FLAG-tagged TR-TUBE or an ubiquitin-bindingdeficient TR-TUBE mutant in cells with or without exogenously expressed Skp2/FBXL1, the F-box protein that recognizes p27 (13) . Cell lysates were immunoprecipitated with an anti-FLAG antibody, and both whole-cell lysates and precipitates were analyzed by immunoblotting ( Fig. 1D and Fig. S2 ).
Both ubiquitin conjugates and ubiquitinated p27 were efficiently enriched in the TR-TUBE immunoprecipitates. Although ubiquitin conjugates were detected in TR-TUBE mutant-expressing cells that were treated with proteasome/DUB inhibitors, ubiquitinated p27 was barely detectable, even when cells overexpressing Skp2 were treated with inhibitors (Fig. S2) . By contrast, ubiquitinated p27 was detected in lysates of TR-TUBE-and Skp2-overexpressing cells in the absence of inhibitor treatment, suggesting that TR-TUBE both protects the polyubiquitin chains on p27 from DUBs and circumvents proteasome degradation. As shown in Fig. 1D , ubiquitin conjugates and ubiquitinated p27 were detectable in TR-TUBE immunoprecipitates from cells harvested 24 h posttransfection in the absence of exogenous Skp2 expression. Notably, ubiquitinated p27 was present at high levels 48 h posttransfection in cells coexpressing Skp2 and TR-TUBE, suggesting that the ubiquitination of p27 detected in these samples was carried out by SCF Skp2 , primarily exogenous Skp2.
Detection of Ubiquitination Activity Using TR-TUBE. Conventionally, detection of specific ubiquitin ligase activity has been conducted using in vitro reconstitution or overexpression systems consisting of ubiquitin, a substrate, and an ubiquitin ligase in the presence of proteasome inhibitors. Indeed, we detected ubiquitination of p27 by SCF Skp2 in ubiquitin immunoprecipitates only when the substrate was overexpressed (Fig. 1E, lanes 5-8) . However, overexpression of Skp2 failed to increase the ubiquitination of p27 to a detectable level. By contrast, in the presence of TR-TUBE, exogenous expression of Skp2 increased ubiquitination of p27 (Fig. 1E, lanes 9-12) : Ubiquitinated p27 was detectable even in the absence of exogenously overexpressed p27 or MG132. Because the elevated level of ubiquitin ligase was reflected by an increase in the accumulation of ubiquitinated substrates, the TR-TUBE system appears to be useful for quantitative detection of ubiquitin ligase activity toward a specific substrate.
To suppress ubiquitination by endogenous Skp2, we next expressed the dominant-negative mutant Skp2ΔF, which lacks the F-box domain essential for binding to Cul1, thereby inhibiting formation of the SCF ubiquitin ligase complex. Although expression of the ΔF mutant failed to suppress the accumulation of ubiquitinated p27 in the presence of MG132, the absence of the inhibitor altered accumulation of ubiquitinated substrate but did not necessarily alter activity of the ligand (Fig. 2A) . A similar ubiquitination pattern was detected for another Skp2 substrate, CDT1 (14) . Next, we examined the ubiquitination activity of the other well-characterized F-box proteins, FBXW7 and FBXW1/ βTrCP1 (Fig. 2 B-D) . The ubiquitination of c-Myc (15), a known substrate of FBXW7, was clearly increased by overexpression of FBXW7 and decreased by overexpression of its dominant-negative mutant (Fig. 2B) . Overexpression of FBXW1 also increased the ubiquitination of NFKBIA (16) and PDCD4 (17) , known FBXW1 substrates, even in the absence of stimuli ( Fig. 2 C and  D) . Furthermore, we investigated the ubiquitination activity of RING-type E3 MDM2 for p53 (18) (Fig. 2E) . The level of polyubiquitinated p53 was somewhat increased by overexpression of MDM2, whereas monoubiquitinated p53 was present at high levels, suggesting that MDM2 preferentially catalyzes monoubiquitination of p53 under these conditions (19) . Furthermore, we examined the differences in the ubiquitination pattern of substrates due to overexpression of E3 in lysates prepared at different time points (Fig. S3) . Although c-Myc was highly ubiquitinated 24 h posttransfection in cells expressing FBXW7, other ubiquitinated substrates accumulated at high levels 48 h posttransfection. Therefore, in subsequent experiments, we used lysates prepared from cells harvested 48 h posttransfection.
Development of a Method to Identify Substrates for a Ubiquitin Ligase.
Recently, a large number of ubiquitination sites and ubiquitinated proteins were identified using the anti-diGly antibody (8, 9, 20) . In those studies, this antibody was used for direct immunoprecipitation of trypsinized lysates prepared from cells treated with proteasome inhibitor. Therefore, to assess the efficiency of identification of ubiquitinated proteins using TR-TUBE, we compared three methods for enriching ubiquitinated peptides for liquid chromatography (LC)-tandem MS (MS/MS) analysis (Fig. 3A) . These analyses were performed using starting material from ∼1 × 10 7 293T cells. The first and second methods used direct peptide immunoprecipitation, utilizing anti-diGly antibody, of trypsinized cell lysates from MG132-treated cells [diGly (MG132)] or TR-TUBE-overexpressing cells [diGly (FLAG-TR-TUBE)]. In the direct peptide immunoprecipitation, cells were lysed in the presence of 9 M urea and the denatured proteins were diluted with Hepes buffer before trypsin digestion. By contrast, the third method used anti-FLAG antibody enrichment of TR-TUBE-associated proteins before peptide immunoprecipitation [FLAG and diGly (FLAG-TR-TUBE)]. Although the numbers of unique peptides containing the K-e-GG motif (diGly peptides) and ubiquitinated proteins did not differ significantly between these three methods, the ratios of diGly peptides to total identified peptides and ubiquitinated proteins were drastically different (Fig. 3B) . In the dual-enrichment method, more than 95% of identified peptides included the K-e-GG motif. In addition, overexpression of TR-TUBE markedly decreased the abundance of identified peptides derived from ubiquitin, because TR-TUBE protected polyubiquitin chains on substrates from trypsin digestion (Fig. S4) . These results show that initial enrichment of ubiquitinated proteins using TR-TUBE reduces the background without loss of diGly peptides.
To evaluate the performance of the TR-TUBE system in identification of ubiquitin ligase substrates, we next compared the number of peptide spectrum matches (PSMs) as a semiquantitative index of three known Skp2 substrates (p27, p21/CDKN1A, and CDT1), in mock-transfected cells, Skp2-expressing cells, and Skp2 ΔF-expressing cells (Fig. 3C) . In the first method, using MG132-treated cells, p27 and p21 were barely detectable, whereas CDT1 was reproducibly observed. However, levels of the diGly peptides of these proteins were not always elevated in Skp2-expressing cells. By contrast, in the methods using cells expressing TR-TUBE, especially in the dual-enrichment method, the levels of diGly peptides derived from the substrates were elevated in Skp2-expressing cells. Although p27 itself was stabilized by MG132 treatment, ubiquitinated p27 was barely detectable in MG132-treated cell lysates (Fig. 3D) . By contrast, high-molecular-weight smears of both p27 and CDT1 were clearly detected in cells coexpressing TR-TUBE and WT Skp2. Notably, low levels of ubiquitinated CDT1 were detected in MG132-treated cells expressing either WT or mutant Skp2, but not in untreated cells, consistent with the results of the MS analyses. Thus, although there was little difference between the three methods with regard to the efficiency of identification of ubiquitinated proteins, enrichment of TR-TUBE-associated proteins before diGly peptide immunoprecipitation is an effective method for identifying substrates of an overexpressed ubiquitin ligase.
In addition, we found that the levels of two ubiquitinated peptides derived from CKS1B were markedly elevated in Skp2-expressing cells. CKS1B is an essential cofactor of SCF Skp2 that is necessary for the ubiquitination of p27 (21) , and CKS1B itself is ubiquitinated by the APC/C Cdh1 ubiquitin ligase (22) . Hence, we investigated whether Skp2 ubiquitinates CKS1B by coexpressing myc-tagged CKS1B and TR-TUBE in cells, followed by immunoprecipitation of TR-TUBE and immunoblot analysis (Fig. 3E) . As predicted, the expression of Skp2 stimulated the ubiquitination of CKS1B.
The identified ubiquitination sites of Skp2 substrates are listed in Table S1 , all of which were included in the PhosphoSite Plus and neXtProt databases.
Identification of Substrates for Uncharacterized Ubiquitin Ligases.
Our next goal was to develop a method for the systematic identification of ubiquitin ligase-substrate pairs. For this purpose, we examined the F-box proteins constituting the SCF complex in 293T cells and identified 12 F-box proteins from a FLAG-Cul1 immunoprecipitate (Table S2) . We attempted to find substrates for FBXO21, which is ubiquitously expressed and has not yet been well characterized.
To screen for substrates of FBXO21, we performed LC-MS/MS analysis of peptides prepared by the dual-enrichment method from cells coexpressing FLAG-TR-TUBE and HA-empty, HA-FBXO21ΔF, or HA-FBXO21. In three independent analyses, we selected substrate candidates whose PSM numbers and protein scores increased in FBXO21-expressing cells but decreased in FBXO21ΔF-expressing cells (Table S3) . Of these candidates, we picked threonyl-tRNA synthetase (TARS) and EP300 interacting inhibitor of differentiation 1 (EID1) because of their reproducibility (Fig. 4A) . We also confirmed that the interaction of FBXO21 with TARS or EID1 was stabilized by Skp1 coexpression (23) and treatment with the Nedd8 E1 enzyme inhibitor MLN4924, which stabilizes Cullin-RING ligase substrates (20) (Fig. S5A) . We cloned several F-box proteins and investigated whether they bound EID1 or TARS in the presence of MLN4924 (Fig. S5B) . Although TARS was detectable at low levels in a few F-box protein immunoprecipitates, the levels of TARS and EID1 were most prominent in FBXO21 immunoprecipitate. EID1, first cloned as an RB1-binding protein, has the ability to inhibit p300 (24) and can also interact with the orphan nuclear receptor SHP (25) . To determine whether the interaction of EID1 with FBXO21 is mediated by RB1 or SHP, we sought to identify the regions on EID1 that are necessary for FBXO21 interaction (Fig. S5C) . Deletion of the C-terminal RB1-binding site of EID1 did not affect the binding to FBXO21, but deletion of an additional nine residues abolished interaction, suggesting that their interaction is independent on RB1 and SHP. Next, we used immunoblot analysis to evaluate the ability of FBXO21 to ubiquitinate EID1. Ubiquitinated EID1 was clearly detected in both FBXO21-expressing and MG132-treated cells (Fig. 4B) , and knockdown of FBXO21 by siRNA suppressed accumulation of ubiquitinated EID1 in MG132-treated cells (Fig. 4C) . Further, ubiquitination of EID1 was clearly increased by overexpression of FBXO21, but not other the F-box proteins tested (Fig. 4D) . As shown in Fig. 4E , knockdown of FBXO21 by siRNA stabilized EID1 protein levels but did not affect EID1 mRNA levels (Fig. 4F) . Consistent with the steady-state levels of EID1, FBXO21 knockdown, as well as treatment of cells with MLN4924, led to stabilization of EID1 in a cycloheximide chase experiment, extending the t 1/2 from <30 min to >3 h (Fig. 4G) . These results indicate that EID1 is degraded by the proteasome following ubiquitination by SCF FBXO21 . MDM2, rather than Cullin-RING ubiquitin ligase, is the ubiquitin ligase for EID1 (26, 27) . However, siRNA-mediated knockdown of MDM2 or RB1 did not stabilize EID1 protein in 293T cells (Fig. 4H) . RB1 was stabilized by knockdown of MDM2 at 24 h, consistent with the fact that MDM2 promotes degradation of RB1 (28, 29) . In addition, interaction with EID1 causes a conformational rearrangement of RB1 (29, 30) , and their interaction may cause RB1 stabilization because the RB1 level was also increased by knockdown of FBXO21 (Fig. 4H) . Furthermore, we examined the ubiquitination activity of MDM2 for EID1 (Fig. 4I) . However, ubiquitinated EID1 was barely detectable in MDM2-expressing cells, suggesting that the stability of EID1 is regulated by SCF FBXO21 under normal conditions. TARS is an aminoacyl-tRNA synthetase that is as abundant in cells as ribosomal proteins (31) . Although TARS is a highly abundant and stable protein due to its fundamental roles in protein synthesis, 13 residues in TARS are ubiquitinated by Cullin-RING ubiquitin ligases (9), and we found that four sites were ubiquitinated by SCF FBXO21 (Table S1 ). Indeed, ubiquitination of TARS was stimulated by overexpressed FBXO21 (Fig. S6 A and B) . However, the levels of endogenous TARS protein remained constant regardless of whether FBXO21 was knocked down (Fig. S6 C-E) . Furthermore, we showed that FBXO21 interacted with the TARS editing domain, which includes all of the identified ubiquitination sites within the TARS protein ( Fig. S6F and Table  S1 ). In Escherichia coli, severe oxidative stress reduced overall translational fidelity by impairing the editing activity of TARS (24) . Actually, ubiquitination of TARS by SCF FBXO21 was slightly elevated in H 2 O 2 -treated cells (Fig. S6G ), but the stress did not affect its stability (Fig. S6H) . These results suggest that TARS is regulated by SCF FBXO21 ubiquitination under stress conditions but that its degradation is not detectable because the protein is so abundant. Editing-defective aminoacyl-tRNA synthetase causes protein misfolding and neurodegeneration (32) , and stresses other than oxidative stress may damage its editing activity. Further studies are needed to determine how FBXO21 detects damage in the TARS editing domain.
Discussion
In this study, we developed the TR-TUBE system, which is useful for detecting ubiquitin ligase activity and identifying substrates of specific E3 ubiquitin ligases. In this system, overexpressed E3 ubiquitinates its endogenous substrates by using ubiquitination-related factors present in cells, and TR-TUBE prevents degradation and deubiquitination of these substrates, allowing detection of the specific activity of an E3 and isolation of its substrates. Although TR-TUBE immunoprecipitates contain excess ubiquitin, TR-TUBE can protect ubiquitin chains on substrates from trypsin digestion (Fig. S4) and reduce the proportion of peptides derived from ubiquitin, which hinder identification of substrates in LC-MS/MS analysis. In trypsinized TR-TUBE immunoprecipitates, substrates of coexpressed Skp2 could be detected by LC-MS/MS analysis; however, we also detected other proteins that are abundant in complex with these substrates, as well as Skp2 itself, but no diGly peptides other than those diGly peptides derived from ubiquitin and Skp2. Therefore, the second enrichment with antidiGly antibody is remarkably effective for identification of substrates of a particular ubiquitin ligase.
All of the ubiquitination sites of substrates identified in this study were included among the known ubiquitination sites contained in databases (Table S1 ). However, some sites identified in CDT1 and TARS differed from the sites reported to be ubiquitinated by the Cullin-RING ubiquitin ligase (9) . In addition to three reported ubiquitination sites (K132, K153, and K165) in CDT1, which our system failed to detect, K24 of CDT1 was ubiquitinated by SCF Skp2 . CDT1 is ubiquitinated by both SCF Skp2 (14) and Cul4-Ddb1 (33) , suggesting that the reported sites are ubiquitinated by Cul4-Ddb1. Notably, although the ubiquitination sites of p27 have been analyzed by site-directed mutagenesis (34), these sites have not previously been assigned by proteomic analyses. The diGly peptides derived from p27 were barely detectable in peptide immunoprecipitates of trypsinized cell lysates from cells treated with proteasome inhibitor, but they were effectively detected in lysates from TR-TUBEexpressing cells, suggesting that deubiquitination of p27, rather than instability of the protein itself, hampers detection of the diGly peptides.
Recently, the ubiquitin ligase substrate trapping method was developed for the isolation of ubiquitinated substrates in yeast. In that method, ligase-substrate affinity is increased by fusing the ligase to a tandem ubiquitin-associated domain (35) . Although this method should also be useful for identification of the substrates of ubiquitin ligases, it requires parameters such as linker length and configuration to be optimized for each F-box protein. By contrast, the TR-TUBE strategy is very simple, requiring only coexpression of TR-TUBE and the E3. Furthermore, the TR-TUBE method is not restricted to SCF-type ubiquitin ligases, and is also potentially useful for other E3 families. By using a combination of two enrichment strategies, TR-TUBE and the anti-K-e-GG antibody, we succeeded in identifying ubiquitinated substrates from small amounts of cell lysate. Thus, the TR-TUBE system represents a practical means for obtaining important insights into the functions of ubiquitin ligases.
Materials and Methods
For immunoaffinity purification for ubiquitinated protein identification, WCL prepared from a 10-cm cell culture dish harvested 48 h posttransfection (∼1 × 10 7 cells) was incubated for 1 h with anti-FLAG monoclonal antibody (anti-DDDDK)-conjugated agarose beads (MBL International). Bead-bound proteins were eluted FLAG peptide (Sigma). Proteins were reduced in 5 mM Tris [2-carboxy-ethyl] phosphine hydrochloride for 30 min at 50°C, and then alkylated with 10 mM methylmethanethiosulfonate, and alkylated proteins were digested overnight at 37°C with 1 μg of trypsin (Promega). After tryptic digestion, ubiquitinated peptides were enriched by using the PTMScan ubiquitin remnant motif (K-e-GG) kit (Cell Signaling). The eluted peptides were desalted using GL-Tip SDB and GL-Tip GC (GL Sciences) prior to LC-MS analysis. Detailed methods are provided in SI Materials and Methods.
